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We propose a method to study the time evolution of correlated electrons driven by an harmonic
perturbation. Combining Floquet formalism to include the time-dependent field and Cluster Per-
turbation Theory to solve the many-body problem in the presence of short-range correlations, we
treat the electron double dressing - by photons and by e-e interaction - on the same footing. We
apply the method to an extended Hubbard chain at half occupation and we show that in the regime
of small field frequency and for given values of field strength the zero-mode Floquet band is no
more gapped and the system recovers a metallic state. Our results are indicative of an omnipresent
mechanism for insulator-to-metal transition in 1D systems.
PACS numbers: 71.10.Fd, 71.27.+a,71.30.+h,73.22.-f
Under the influence of periodic fields quantum systems
may reach regimes inaccessible under equilibrium condi-
tions and new phases may be engineered by an external
tunable control. The recent experimental evidence of op-
tically quenched superconductivity1 or the possibility to
induce topological phases by light irradiation in systems
that would be standard in stationary conditions2–6 are
relevant examples in this field.
The coexistence of periodic external driving forces and
electron-electron correlations is particularly interesting
and this for two main reasons: on one side, according
to the Peierls’ substitution7, the external field effectively
reduces the inter-site hopping so enhancing the effects
of the e-e repulsion and the tendency to an insulating
behaviour. On the other side irradiation may be respon-
sible of a photo-doping that may affect the charge carrier
density and turn a Mott insulator into a metal8,9. Due
to these two competing effects novel phenomena are ex-
pected when strongly correlated quantum systems are
exposed to time-dependent external fields.
In this letter we explore the combined effects of a time-
periodic field and of on-site e-e interaction on an extended
1D lattice. The 1D Hubbard chain in static conditions
is the prototype of Mott-Hubbard insulators, exhibiting
at half filling an insulating behaviour no matter how
weak the e-e repulsion is. In the presence of a contin-
uous periodic driving the system is in a non-equilibrium
steady state characterized by a periodic time depen-
dence. In this situation the Floquet formalism10,11 can be
adopted that converts the time-dependent problem into
a time-independent one: the application of the exter-
nal field transforms electronic states into photon-dressed
quasi-energies where virtual absorption and emission of
photons is taken into account to all orders. In most
cases the Floquet formalism is applied to non-interacting
systems4,12,13 and in order to extend it to the interacting
case it must be reformulated in terms of the one-particle
Floquet Green’s function (GF) whose imaginary part will
then describe a double dressing, by e-e interaction and
by photons.
We have developed a method to calculate the Floquet
GF for extended lattices based on the Cluster Pertur-
bation Theory (CPT)14. CPT belongs to the class of
Quantum Cluster theories15 that solve the problem of
many interacting electrons in an extended lattice by a
divide-and-conquer strategy, namely by solving first the
many body problem in a subsystem of finite size and
then embedding it within the infinite medium. CPT has
been successfully used to study Mott-Hubbard physics
both in model systems16,17 and in real materials18–20, and
more recently to address correlated topological phases of
matter.21–24
The solution of the many-body Hamiltonian in a fi-
nite cluster is the starting point. The Floquet time-
independent eigenvalue problem extended to a many-
body Hamiltonian (the Hubbard model in our case) reads
HˆFΦNα (X, t) = E
N
α Φ
N
α (X, t) ; X ≡ (x1, x2, ..., xN ). (1)
It involves the Floquet-Hubbard Hamiltonian
HˆF ≡
[
Hˆ − ı ∂
∂t
]
(2)
with
Hˆ =
∑
ii′σ
J˜ii′(t)cˆ
†
iσ(t)cˆi′σ(t) + U
∑
i
cˆ†i↑(t)cˆi↑(t)cˆ
†
i↓(t)cˆi↓(t)
(3)
Here J˜ii′(t) describes the hopping between neighboring
sites modified by the external vector potential A(t) =
A0sin(Ωt) according to Peierls’ substitution
7,25
J˜ii′(t) = Je
iA(t)·(ri′−ri) (4)
J being the unperturbed nearest neighbour hopping.
The solution of Eq. (1) provides the time-periodic part
of the many-body wavefunction
ΨNα (X, t) = e
−ıENα tΦNα (X, t) ; Φ
N
α (X, t) = Φ
N
α (X, t+nT )
(5)
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2Being ΦNα (X, t) time-periodic it can be expressed as a
Fourier series
ΦNα (X, t) =
∞∑
n=−∞
ANαn(X)e
−ınΩt ; Ω ≡ 2pi
T
. (6)
where in turn ANαn(X) can be expanded on a complete set
of non-interacting N-particle wavefunctions. In practice
the summation is truncated to include a finite number
of modes, up to a sufficiently large nmax whose value
depends obviously on Ω.
For a finite system this set of equations is solved by
exact diagonalization26–29 and its eigenstates are used
to obtain the Floquet GF in terms of hole and particle
propagators
G ii
′
nn′(ω) =
∑
mm′m′′m′′′
α
(
< AN0m|cˆ†in|AN−1αm′ >< AN−1αm′′ |cˆin′ |AN0m′′′ >
ω − (EN0 − EN−1α )− iη
δ(m′ + n−m)δ(m′′′ − n′ +m′′) (7)
+
< AN0m|cˆin|AN+1αm′ >< AN+1αm′′ |cˆ†in′ |AN0m′′′ >
ω − (EN+1α − EN0 ) + iη
δ(m′ − n−m)δ(m′′′ + n′ −m′′)
)
Here i, i′ indicate sites and n, n′ the Floquet modes
appearing in eq. (6 ). Eq. (7) is the Lehmann repre-
sentation of the Floquet GF for a finite system; it can
be explicitly calculated in terms of the few-body eigen-
states obtained by exact diagonalization for N and N±1
electrons.
Notice that the two delta-functions that appear in eq.
(7) express a conservation rule on Floquet modes: remov-
ing/adding mode m from/to the N -particle state gives
rise to a N−/N+ state where each Floquet component
has been depleted/augmented by the same quantity.
The definition of the Floquet ground state EN0 in eq.
(7) requires some further comments. Floquet eigenstates
are auxiliary quantities that allow to calculate the time-
dependent eigenfunctions ΨNα (X, t) and from them the
time-dependent energies of the true Hamiltonian as
ENα (t) =< Ψ
N
α (X, t)|H(t)|ΨNα (X, t) > (8)
The Floquet ground state may then be identified as the
one that minimizes the time-average of this quantity.
However, this definition is acceptable only for nearly-
vanishing values of the external field A0 and/or in the
high frequency regimes Ω  J where the mixing be-
tween Floquet bands is minimum.30,31 In order to iden-
tify the Floquet ground state at any field intensity we
have adopted a continuity criterion: having identified
the ground state in the limit of very small field intensity
according to the time-averaged expectation value mini-
mization, we assume it to vary continuously as a function
of A0 (more details in the supplemental material).
The Floquet GF for the extended lattice Glat is ob-
tained in terms of Floquet GF for decoupled clusters con-
nected by inter-cluster hopping. We get
Glatii′
nn′
(k, ω) = G ii′
nn′
(ω) +
∑
j
B ij
nm
(kω)G ji′
mn′
(kω). (9)
Here G ii′
nn′
(ω) is the cluster Floquet GF of eq. (7) and
the matrix B ii′
nn′
(k, ω) is the generalization to Floquet
space of the analogous matrix defined in CPT18,21,22
B ii′
nn′
(k, ω) =
∑
l
eik·Rl
∑
i′′n′′
G ii′′
nn′′
(ω)J˜n′′n′ . (10)
Finally we get the Floquet spectral function, namely
the spectrum of the photon dressed quasiparticle ener-
gies:
D(k, ω) =
1
pi
∑
m
ImGlat(k,m, ω) (11)
where
Glat(k,m, ω) =
∑
ii′
nn′
e−ik·(ri−ri′ )αm∗in (k)α
m
i′n′(k)G
lat
ii′
nn′
(k, ω)
(12)
Here αm∗in (k),α
m
i′n′(k) are the single-particle Floquet
eigenvalues obtained by solving the Floquet Hamiltonian
for non-interacting electrons. Equations (9-12) represent
the extension of the standard CPT formalism developed
in static conditions18,21,22 to the time-dependent case.
The novelty of the present approach consists first of
all in the definition of the Floquet GF for the isolated
cluster ( eq. (7) ) and secondly in the CPT embedding
procedure that provides the GF for the extended lattice
in terms of cluster GF’s. We stress again that two main
points are essential in order to get a proper definition of
the cluster Floquet GF: the conservation rule on Floquet
modes expressed by the two delta-functions in eq. (7 )
and the proper definition of the Floquet ground state.
The conservation rule on Floquet modes in particular
is essential to recover the correct non-interacting limit
where the Floquet spectral functions must reproduce ex-
actly the single-particle Floquet band structure.
Using this new approach we have performed a system-
atic study of the photon-dressed quasi-particle bands for
an extended Hubbard chain at half filling for a given
value of U/J in different regimes of field intensity and
frequency. Fig. 1 reports the result obtained for small
field intensity (A0 = 0.7J). Heavier lines identify the
3Floquet zero mode. We observe that in the limit of very
large frequencies (Fig. 1 (a) ) the Floquet spectrum cor-
responds, as expected, to replicas of the original quasi-
particle band structure spaced by integers multiples of
Ω: the Floquet bands are well separated copies of the k-
resolved spectral functions obtained in static conditions,
characterized by a well defined Mott-Hubbard gap and
by non dispersive satellites structures below and above
the valence and conduction band respectively.
For smaller field frequencies the quasi-particle bands
overlap and mix, giving rise to the Floquet spectra shown
in Fig. 1 (b-d). A noticeable result is that for the smallest
frequency (Fig. 1 (d) ) the Mott-Hubbard gap is no more
present. This is true not only at this particular field
strength but it appears as a constant characteristic of
the low frequency regime. This is shown in Fig. 2 where
we report the evolution of the Floquet zero mode as a
function of filed strength, from A0 = 0 to A0 = 5J .
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FIG. 1. (color online) Photon-dressed quasi-particle bands for the extended Hubbard chain with U/J = 2, A0/J = 0.7 and
different field frequencies: (a) Ω = 10J , (b) Ω = 4J , (c) Ω = 3J , (d) Ω = 1J . Darker lines around E/J = 0 indicate the Floquet
zero mode. In the regime of very large frequency the Floquet spectrum consists in equally - spaced replicas of the k-resolved
spectral function obtained in static conditions.
(a) (b) (c) (d) 
FIG. 2. (color online) Zero mode photon dressed quasi-particle bands calculated with U/J = 2 at 11 k-points in the 1D
Brillouine zone reported as a function of A0 in the same frequency regimes of Fig. 1: (a) Ω = 10J ,(b) Ω = 4J ,(c) Ω = 3J ,(d)
Ω = 1J .
While at large frequencies the Mott gap remains open at all field strengths, for frequencies smaller than the
4static quasi-particle band-width the gap closes down at
some specific values of A0. Interestingly the regime of
very small frequencies (Fig. 2 (d) ) exhibits the strongest
gap modulation and we observe a gap closing not only for
A0/J < 1 but also around A0/J = 2.8 and A0/J = 3.8.
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FIG. 3. (color online) Density of zero-mode photon dressed
quasi-particle states in arbitrary units for U/J = 2, Ω/J = 1
for different A0. Panel (a) reports the static result, showing
the well defined Mott-Hubbard gap, panels (b)-(c) refer to
values of A0 responsible of a metallic phase.
It is then clear that for these field frequencies an external
ac drive of appropriate strength may induce an insulator-
to-metal transition. This is clearly shown in Fig. 3 where
a gapless density of photon-dressed quasi-particle states
is obtained at these parameter values (Fig. 3 ((b)-(d))
as compared with the gapped static result (Fig. 3 (a) ).
The ability of time-periodic fields to turn an insula-
tor into a metal has been previously shown for non-
interacting electrons in a dimerised 1D chain32. The
same effect is found here even if the physical origin of the
insulating phase is drastically different: a many-body ef-
fect due to local e-e repulsion instead of a single-particle
mechanism due to lattice dimerization. Since in 1D any
system in static conditions is a Mott insulator, this re-
sult is ubiquitous and for any 1D material we will be able
to photo-induce a metallic state by choosing an external
drive with the correct combination of frequency and in-
tensity. Of course these values depend on the system
properties, and on the strength of the on-site e-e repul-
sion in primis.
In conclusion we have developed a method to charac-
terize the non-equilibrium steady state of correlated elec-
trons in extended lattices. Combining Floquet and CPT
schemes we have defined Floquet spectral functions that
coherently describe how electrons are affected by their
their mutual repulsion and by the interaction with pho-
tons. Applying this approach to the 1D Hubbard chain
we show that tuning the parameters of the external drive
it is possible to turn the Mott insulator into a metal.
1 W. Zhang, C. Hwang, C. L. Smallwood, T. L. Miller, G. Af-
feldt, K. Kurashima, C. Jozwiak, H. Eisaki, T. Adachi,
Y. Koike, D.-H. Lee, and A. Lanzara, Nature communi-
cations 5, 4959 (2014).
2 M. a. Sentef, M. Claassen, a. F. Kemper, B. Moritz,
T. Oka, J. K. Freericks, and T. P. Devereaux, Nature
communications 6, 7047 (2015).
3 M. Ezawa, Physical Review Letters 110, 026603 (2013).
4 J. Cayssol, B. Do´ra, F. Simon, and R. Moessner, physica
status solidi (RRL) - Rapid Research Letters 7, 101 (2013).
5 N. H. Lindner, G. Refael, and V. Galitski, Nature Physics
7, 490 (2011).
6 T. Oka and H. Aoki, Physical Review B 79, 081406 (2009).
7 D. R. Hofstadter, Phys. Rev. B 14, 2239 (1976).
8 H. Okamoto, H. Matsuzaki, T. Wakabayashi, Y. Taka-
hashi, and T. Hasegawa, Physical Review Letters 98,
037401 (2007).
9 S. Iwai, M. Ono, a. Maeda, H. Matsuzaki, H. Kishida,
H. Okamoto, and Y. Tokura, Physical Review Letters 91,
057401 (2003).
10 J. H. Shirley, Physical Review B 138, 979 (1965).
11 H. Aoki, N. Tsuji, M. Eckstein, M. Kollar, T. Oka, and
P. Werner, Reviews of Modern Physics 86, 779 (2014).
12 F. H. M. Faisal and J. Z. Kamin´ski, Phys. Rev. A 56, 748
(1997).
13 G. Usaj, P. M. Perez-Piskunow, L. E. F. Foa Torres, and
C. a. Balseiro, Physical Review B 90, 115423 (2014).
14 D. Se´ne´chal, D. Perez, and M. Pioro-Ladrie`re, Phys. Rev.
Lett. 84, 522 (2000).
15 T. Maier, M. Jarrell, T. Pruschke, and M. H. Hettler, Rev.
Mod. Phys. 77, 1027 (2005).
16 D. Se´ne´chal, D. Perez, and M. Pioro-Ladrie`re, Phys. Rev.
Lett. 84, 522 (2000).
17 M. Potthoff, M. Aichhorn, and C. Dahnken, Phys. Rev.
Lett. 91, 206402 (2003).
18 F. Manghi, Journal of Physics: Condensed Matter 26,
015602 (2014).
19 R. Eder, Phys. Rev. B 78, 115111 (2008).
20 R. Eder, Phys. Rev. B 91, 245146 (2015).
21 F. Grandi, F. Manghi, O. Corradini, C. M. Bertoni, and
A. Bonini, New Journal of Physics 17, 023004 (2015).
22 F. Grandi, F. Manghi, O. Corradini, and C. M. Bertoni,
Phys. Rev. B 91, 115112 (2015).
23 S.-L. Yu, X. C. Xie, and J.-X. Li, Phys. Rev. Lett. 107,
010401 (2011).
24 C. Wu, B. A. Bernevig, and S.-C. Zhang, Phys. Rev. Lett.
96, 106401 (2006).
25 K. Jime´nez-Garc´ıa, L. J. LeBlanc, R. A. Williams, M. C.
Beeler, A. R. Perry, and I. B. Spielman, Phys. Rev. Lett.
108, 225303 (2012).
26 A. Eckardt, C. Weiss, and M. Holthaus, Physical Review
Letters 95, 260404 (2005).
527 A. Takahashi, H. Itoh, and M. Aihara, Physical Review B
77, 205105 (2008).
28 A. G. Grushin, A. Go´mez-Leo´n, and T. Neupert, Phys.
Rev. Lett. 112, 156801 (2014).
29 J. H. Mentink, K. Balzer, and M. Eckstein, Nat. Commun.
6 (2015), 10.1038/ncomms7708.
30 W. Kohn, Journal of Statistical Physics 103, 417 (2001).
31 D. W. Hone, R. Ketzmerick, and W. Kohn, Phys. Rev. A
56, 4045 (1997).
32 a. Go´mez-Leo´n and G. Platero, Physical Review Letters
110, 200403 (2013).
